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I. 1 ION

In collisions o4 electrons with molecules, an electron may

be attached to a molecule forming a temporary nMqative ion or a

negative compound stat&. The production of this compound state

is governed by certain selection rules. The selection rules ares

(1) An allowed compound state must have ither IS-1/21 or 19+1/21

total spin, when the target molecule has :otal spin 1; (2) it

should have an electronic configuration wich dif4ers by less

than three-electron excitations with resp .ct to the initial state

(i.e., the target molecule plus an incide t electron); (3) it

must not have E- CE-) symmetry, if the taorget molecule is linear

and has El (E-) symmetry. The last selection rule has been

established Just recently and has been called the e- selection

rule.' When either of the three selection rules are not

satisfied, we use the term, forbidden electron attachment, by

analogy with forbidden optical transition .

Compound states which are forbidden in the gas phase may

not be forbidden in the solid phase, becaue of distortion of the

local symmetry. Although the selection ruljs involving spin

symmetry and number of electron excitations Imay persist in the

solid phase, the rule involving cylindrical 6ymmetry of linear

molecules (or the a- selection rule) may rel (A in the solid

phase. In fact, this breakdown of cylindri ysymmetry has been

clearly observed in optical transitions.2 In this paper, we

study 02molecular systems in the gas and solid phases and
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identify, for th m/st time, the compound states which are

forbidden by the lection rule.

In Sec. 11, we analyze some experimental data previously

published in the literature. Our findings are summarized in

Table I. In Sec. III, various properties of the lower-lying 0-

compound states are predicted utilizing empirical methods. These

properties are summarized in Table VIZ. In Sec. IV, we identify

the forbidden compound states by comparing experimental (Table I)

and theoretical (Table VI) results. Finally in Sec. V, we

review previous work.

It. EXPERIMENTAL RESULTS

A. Energy dependence of the 0- yields

Figure I shows electron stimulated 0- desorption yields from

various samples (05 /W, 02 /Pt, and Ol gas) as a function of the

incident electron energy. These 0- yield curves are reproduced

from figures previously published in the literature.s
-  

The

relative magnitudes of these curves do not represent the actual

relative 0- yields. For example, the 0- yield from 02 gas

(dotted curve) is arbitrarily normalized to the peak of the 02/Pt

curve for comparison. For the O./W data,
4 

a polycrystalline W

ribbon was dosed with 10 L (Langmuirs, 1L=10
-
' Torr Sec) of 0 at

room temperature. All three 02/Pt samplese.O were prepared by

condensing 0 gas on a polycrystalline Pt ribbon at 20 K with a

constant Oz dosage. The estimated O film thickness is 3

monolayers (ML) for all three Pt samples. Two of the three

.k-ability Co0.00
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curves for 0O/Pt are measured with retarding potentials (VM--i.S

and -1.8 9V) against the outgoing 0- ions. The VM=-I.S eV

retarding potential, for example, discriminates 0- ions whose

kinetic energies outside the condensed film are less than 1.8 aV.

the shaded area shows our estimated contribution due to the

direct process, which we shall discuss later. Figure 2 shows the

OH- yield from C.HaC(IML)/0e(3ML)/Pt and the 0O- and 00- yields

from (Os) cluster. These curves are reproduced from Refs. & and

7 respectively. The 0- yield from O gas (dotted curve) is shown

again for comparison.

The 0- ions from Oz are generated by the reaction

+ Oz - Oz- - 0 + 0- , (1)

so that maxima in the 0- yield curve reflect the positions of O-

compound states. The OH- yields from C.H=,.=/02 also reflect the

positions of Oz- compound states, because the OH- ions are

generated by two steps; namely, reaction (1) followed by

0- + CH.,. - OH- + CHM.-. , (2)

according to Sanche and Parenteau. Similarly, Oz-0- and Oz-

ions from O clusters are generated via the initial step,

e- + (Oz) - (O)-Oz- (3)

Therefore, the 02-0- and Oz- yield curves also reflect the

positions of Oz compound states.

,--,.--, i i .m -mm i ' iH i lll i I -A
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Figures I and 2 exhibit three peaks around 7, 9.5, and 13 *V'

as Indicated in the two figures. The 8.5-*V peak in (0)., Curves

(Fig. 2) hat been interpreted as a shift of the ?-*V state due to

the polarization of th; (Os) cluoter.' Also the 9.5-oV peak in

0./Pt curves (Fig. -1) was not ascribed to another compound

state.0 In this work, we attribute the 8.5-*V peak to another

Ox- compound state, based on the following four reasons: (1) Any-

polarization of the (Ow), clusters should shift the 7-eV peak to

lower energy, contrary to that observed. (2) The peak position

of the 8.5-eV feature does not shift to higher energy, when the

retarding potential is increased from -1.5 to -1.8 eV. In

addition, there is an indication of a shoulder around 7 eV in the

O./Pt(V.=-I.SeV) curve, suggesting that the 7-eV peak has not

been shifted. (3) All ion-yield curves measured without

retarding potentials, except the 0- yield curve from gaseous Oz,

indicate the presence of the 8.5-eV feature. In fact, the 8.5-eV

feature dominates in the 02--(Ov)n curve of Fig. 2. (4) Theory

predicts three 0.- compound states in the energy range from 7 to

15 eV, which can dissociate into an 0+0- limit. To sum up, the

7-, 8.5-, and 13-eV features we believe to arise from three

different 0=- compound states.

As seen in Figs. I and 2, the relative intensities of the

three features de -nd strongly on the structure of the sample

(such as the Oa layer thickness, substrate, and cluster si:e),

the detected ions (0-, 0-, 02-0-, or OH-), and the detecticn

angle of the ions. However, to establish the nature of the

forbidden electron attachment, analysis of these intensities is

- mad m m mlmmmttmmmln .
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not essential. The only fact Which is used in this work is that

both the 3.5- and 13-*V features are absent (or negligible

relative to the ?-*V feature) in the 0- yield curve of gaseous o

(see Figs. I and 2).

B. 0- kinetic energy distributions

Figure 3 shows the kinetic energy distributions of the 0-

ions from 0(3ML)/Pt measured at various incident electron

energies (E.=5.7, 7.7, 12, and 13 eV). These data were obtained

by Azria et al.0 with an electron-energy resolution of 0.3 eV and

an ion-energy resolution of 0.5 eV. The relative 0- kinetic

energy (E..,) (the absolute scale of the 0- kinetic energy was

not determined) is measured with respect to the peak energy of

the E.-5.7eV curve. The three symbols in horizontal bars (closed

and open circles and open triangle) indicate three different

contributions, which will be described later. The horizontal bar

with a symbol indicates the possible range of the peak position

for each contribution. In Fig. 4, these peak-position ranges are

plotted as a function of the incident electron energy, El. The

broken straight lines are given by the equation,

E,.x - (E. - E )/2 - 1.03 (eV) , (4)

where Em is the relevant 0+0- dissociation limit measured from

the 0. ground state (00). The E,=.65, 5.62, and 7.B4 eV

correspond to the lowest three dissociation limits, 0(=F)+0-
2
(F),

0('D)+O-(=P), and O(s)+0-(2P), respectively. The 0- kinetic

energy (E...) from 0 gas is given by



(E - E.)/2 , (5)

where E, and E. have the same meanings as those of Eq. (4). The

constant shift (1.03 &V) of E_.. with respect to E.,. arises from

the artificial choice of the torO of energy for E,-.. (i.e.,.......

6.. 1-O for E,-5.7eV and E.-3.65eV).

As seen in Fig. 4, the features denoted by closed circles

fit well on the straight line with E.-3.65 eV, Indicating that

they arise from the process,

- + 0( ) - 0- - 0(*P) 4 O-(mP) • (6)

Similarly, the features bith open circles fit well on the line

with Ed=5.62eV, indicating that they arise from the process,

e- + 0(0.) 0 O(ID) + O-(2P) . (7)

On the other hand, the features with open triangles do not fit on

any of the lines. These features have been previously ascribed

to the multiple scattering process," that is,

e- + O( £.
-
) - Oz + e- (8)

followed by

e-' + 0(=E-) -0 . - O(P) + O-(=P) * (9)

The above analysis supports this interpretation.. A good fit to

theory for the closed and open circles suggests that no

significant amount of momentum is transferred to the 02 lattice

when the 0- desorbs from the surface. A similar conclusion was

reached in the study of C1- desorption from condensed Ca2.0



The 0- kinetic energy distributions (Fig. 3) give

information on the dissociation limits of the three 0.- compound

states. The curves at E.l12 and 13 *V show that the 13-*V

compound state dissociates into the lowest two limits and the

probability for dissociation into the second lowest limit is

larger than that into the first. The E,-7.7eV curve shows that

the 7-eV compound state dissociates only into the lowest limit.

The dissociation limits of the 8.5-eV compound state cannot be

obtained directly from Fig. 3; however, it can be deduced by the

following argument. The 7-eV compound state yields predominantly

1.7-eV (-(7.0-3.65)/2) 0- ions, provided that the momentum

transfer to the 0 lattice is negligible. The retarding

potential V.,-I.SeV is strong enough to discriminate such low-

energy ions, and indeed the 7-eV peak disappears in the V.=-l.SeV

curve (see Pig. 1). Similarly, if the 8.5-eV compound state

predominantly dissociates into the second lowest limit, the

dominant 0- kinetic energy would be 1.5 eV (=(B.5-5.b2)/2). The

retarding potential VR=-I.SeV should discriminate such low-energy

0- ions. The presence of the 0.5-eV pea in the v.--1.eev curve

(Fig. 1), therefore, indicates that the S.5-eV compound state

predominantly dissociates into the lowest limit.

C. Widths

The widths of the 8.5- and 13-eV features can be estimated

from the curves in Figs. I and 2. From the O/Pt(V =-I.5 and -

1.9eV) curves in Fig. 1, we estimate FWHM% for the 8.5- and 1--eV

features to be 2.3:O.4 and 2.1±0.4 eV, respectively. In these
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estimates, the energy spread of the electron beam (0.3 eV) has

been taken into account. From the 8.5-eV feature In the O.-

/(O=), curve and the 13-eV feature in the OH-/CH./O= Curve, NO

estimate their FWHMs to be 2.2±0.3 and 2.3±0.4 eV, respectively.

The energy spreads of the electron beams in these experiments are

0.5 eV (Ref. 7) and 0.3 eV (Ref. 6) respectively. The two

estimates (i.e., 2.3 and 2.2 .V for the 8.5-oV feature and 2.1

and 2.3 eV for the 13-&V feature) agree reasonably well.

We can estimate the contribution of a compound state to the

0- yield curve utilizing its FWHM. The shaded area in Fig. I

shows such a contribution estimated with a FWHM-2.1eV and the

electron beam spread=0.3eV for the 13-eV feature. Figure 1

indicates a slowly varying background under the 13-eV feature.

This background is due to multiple-electron scattering and is

expected to vary slowly. We have already seen the presence of

multiple-electron scattering in the 0- kinetic energy

distribution (Fig. 3), namely the contributions marked with open

triangles. The multiple-electron scattering in Fig. 3 is aout

50 % at 13 eV, which agrees with the background contribution

(about 50 %) at 13 eV in Fig. 1. This agreement supports the

FWHM=2.leV estimate for the width of the 13-eV compound state.

In conclusion, we estimate the widths of the 8.5- and 13-eV

features to be 2.2t0.3 and 2.1±0.4 eV, respectively. The width

of the 7-eV feature, which is observed in the 0- yield curve of

0. gas, is 2.0±0.2 (Refs. 3 and 9).

0. Summary



Table I Summarizes the observed Characteristics 04 the 7-,

6.5-, and 13-@V compound states. For all three states, the

survival rate against autodetachment (I.*., 0- -0 O+e-) during

dissociation Into an 0+0- limit must be substantial, because 0-

Ions from these three compound states are observed. The vertical

energies in the table are measured from the 0. ground state (W-O)

to the peaks observed in the ion yield curves. The FWHMs are the

widths observed in the ion yield curves. The "I" and "2" in the

"Dissociation limit" column stand for the lowest and the second

lowest 0+0- dissociation limits. In the following sections, we

shall identify these three compound states using their

characteristics listed here.

1II. THE13RETZCAL ANALYSES

A. Vertical energies

Tables Il, 11, and IV list the observed and estimated

vertical energies measured from the O ground state to the O,

O.
-
, and 0.- valence states, respectively. The valence states

are identified by their electronic configurations (EC) and state

symmetries except for the three - states, which have

an additional label, I, II, or I1. When a valence state mixes

strongly with Rydberg states, such as the 02 (

valence state with the "n(l%,.'3p.) Rydberg statp, the pure

valence state energy is estimated from analyses presented in the

literature. All the vertical energies listed in the three tables

represent pure valence state energies. The references on which
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the experimental data or analyses are based are cited in the

tables.

In these three tables, estimated (as opposed to observed)

vertical energies are enclosed in parentheses. Table V shows how

we estimate an unobserved vertical energy from theoretical

calculations, using the oa-(ir.-,)m n(II) state as an example.

Although theoretical calculations may not accurately reproduce

the absolute energy splittings arising from a given electronic

configuration, they usually reproduce the relative energy

splittings, as shown in Table V (compare the "Experiment" and

"Theory" columns). In other words, when a scale factor is

included and optimized such that the scaled energies reproduce

the observed splittings as closely as possible, we usually obtain

e:zcellent agreement with experiment. Adopting the estimated

splitting 4.1 eV for Os(ls-')In(II)O2 (l5 .- )fl. and the

observed energy 16.70 eV for the O.2 (lm,-')fl. state, we estimate

the 0=(1:.-)
2
l.(II) state energy to be 20.8 eV. This estimated

energy is listed in Table III and enclosed in parentheses. The

theoretical calculations utilized are cited in the "Reference"

columns. When theoretical calculations are not available, such

as for the 2o.
- 

and 2a.-Ili cases, we use the relative energies

of analogous ECs, such as 3ac
-
' and 3+m , for the above

e:ampl es.

The configuration center (CC) of an electronic configuration

(EC) is defined as a weighted average of state energies arising

from the EC. Tables II, III, and IV include such CCs, which are
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calculated from the vertical energies. the averaged vertical

excitation energy (AVEE) can be calculated from a pair of CCs.

For example, the AVEE for the l..-lt5 excitation can be

calculated from the differences of the following three pairs:

Oe lw
-
6 and On.L" I0. .'le and the GSC (the ground state

configuration of O ), or O- n-1-, and It., Table VI

compares the AVEEs calculated from the different pairs of CCs.

This comparison clearly shows that the AVEEs are nearly

independent of the molecular charge. Assuming this independence,

we can often predict the CCs of On- states with an uncertainty of

less than I aV.

We expect the charge independence in the AVEE's based on the

following argument. The CC of an EC specified by a set of

electron occupation numbers (n,n,-.. is given to a good

approximation by

Ecc(n%,n2, ... = A + EaBin, + EijCtjn,nq , (10)

where A, B1, and CA., are independent of occupation numbers. The

quadratic coefficients C& are symmetric with exchange of indexes

and approximately satisfy the relation,

CAJ (C, + Cjj)/2 . (11)

Further, the diagonal coefficients Cis are approximately

proportional to

CA a ffOr (1 /r.-r.i 0, (rz) dr dr2 , (12)
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where #.(r) is the i-th molecular orbital (MO). Using Eqs. (10)

end (11), we have the AVEE for the 1-2 excitation,

1 B. - B. + (C22 - C.I)En, * (13)

Expression (13) shows that the AVEE should depend on En. or the

total charge of a molecule, which is a sum of nuclear charges

minus Ein 1 . For homonuclear diatomic molecules, however, we have

C..Cj.j to a very good approximation among valence MOs I and J,

because the Coulomb integral, Eq.(12), is insensitive to the

details of the N(r)= distribution, and because 0.(r)w for

valence MOs in a homonuc~ear diatomic molecule are similar in

size and localization. Hence, for a valence excitation of

homonuclear diatomic molecules, we should have

E..(n.-1,n5 +l,---) - E,.(nsnz,--) = Bm - B, . (14)

This explains the near independence on molecular charge and

justifies the use of the AVEEs for predicting other unobserved

0.- states.

There are several ways to estimate the unobserved vertical

energies of the 0w- compound states. For example, we can

estimate the vertical CC of the 3ao-'lsO con4iguration from any

of the following three equations,

3a.-Ils.2- Is (0.2 eV) - 7.5 eV , (15)

3a.-l.- l- (7.8 eV) - 0.6 eV , (16)

3a.- - 3o (10.6 eV) - -2.5 eV , (17)



where the right hand sides of the above equations are the AVEEs

for O listed in Table VI. Although we could use the AVEEs for

0O- instead of 0o, we prefer the O data to the O. data because

the total charge difference between O and Om- is smaller than

that between o' and 0.-. These equations give the 3oe-is.e

energy as 7.7, 8.4, and 9.1 eV, respectively. Averaging these

three, we estimate the 3a*-'Il.s energy to be 8.1 &V with a

probable uncertainty of ±0.9 eV. This and similarly estimated

vertical energies for the lower-lying 0- valence states are

listed in Table VII. The listed EC% are the lowest 7; the next

lowest EC Is located around 24 eV.

We have excluded 0.- Rydberg states, that is the v-'Ryd
=

states, from our considerations for the 8.5- and 13-eV compound

states, because Rydberg states are not observed in the solid

phase and probably do not exist in the solid. Even if the 02-

Rydberg states do exist in the solid, they most likely do not

dissociate into an 0+0- limit. In any event, we find that some

of our estimated 0D- valence states agree nicely with the 8.5-

and 13-eV features observed in the 0- yields. In the following

sections, we restrict ourselves to the Do- valence states.

B. Properties of the 0.- valence states

Table VII summarizes the properties of the lower-lying 0-

valence states. We explain each property in the folowing

subsections.

1. Electron attachment

A
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According to the selection rules described in Sec. I, we can

classify electron attachments into three categoriesS allowed

with one-electron excitation (A(I)), allowed with two-electron

excitations (A(2)), and forbidden (F). The attachment

probability of AM)) excitations is generally much higher than

that of A(2). The possible lower-energy-electron attachments

from the Oz ground state ( Ee-) are classified as above and

listed in Table VII. Although the formation of the OA.(3a.)

state appears to be A(1), it is not AI) but A(2) because the

2A-(3a-) state arises from the lir*(
1
A~)3a. configuration but the

initial state has the lvqO(zE%-)ed.. configuration. Here, C6.

represents an incoming electron orbital of kinetic energy C and

symmetry 4.. All forbidden attachments in the table are due to

the a- selection rule. These £ -ZE forbidden attachments are

expected to relax in the solid phase; the analogous £-.#£

forbidden photoabsorption processes are indeed observed in solid

2. Electron detachment

,Figure 5 illustrates a dissociative attachment process

accompanied with autodetachment or autoionization, also called

electron detachment. The 0.- state, which is formed by electron

impact of energy E, autoionizes into an O= state, when W-(R) >

W(R) or A. < R < R.. Here, W-(R) and W(R) are the potential

energy curves of the Gm- and O states, Ra is the turning point

of the W-(R) at the energy E, and R. is the crossing point of the

two potential curves (see Fig. 5). In order to dissociate into
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an 0+0- limit, the 0s- state must survive against the above-

*entimnS autoionization. According to Sardsley t al. 00 the

dissociative attachment cross section an.(E) for the above

process Is given approximately by

an(E) a a..(E) exp(-J, dR r(R)/Av(R)) , (18)

where a.,(E) is the cross section for formation of the 02- statel

"(R) is the width of the Og- state with respect to the

autoionization; and v(R) is the relative velocity of the nuclei.

The exponential factor in tq. (18) represents the probability

that the On- state survives against the autoionization.

r(R) for one-electron processes, such as

- a(1w..~1lw,)5 + &- , (19)

is governed by the kinetic energy of the outgoing electron

(AW(R)=W-(R)-W(R)) and the asymptotic angular momentum l of the

outgoing electron through the centrifugal barrier. For small AW,

r is proportional tO

r., c w(+2/20)

for a one-electron process, and, in general , r increases

monotonicly with AW.O For two-electron processes, on the other

hand, r is a slowly varying function of AW and is orders of

magnitude smaller than that for one-electron processes, e:cept

for the AW << I case. Since the survival factor depends

e :ponentially on r Eq. (18)], the survival factor for one-

electron processes is several orders of magnitude smaller than



that for two-electron processes except again for the AW << I

Casa.

The magnitude for-autoionization via one-electron processes

can be characterized by a pair of parameters, AW(R ) and AR

(mR.-R.), where R. is the equilibrium internuclear distance for

the Oa ground state. Both parameters are referred to R. because

the initial 02- state is formed with the highest probability at

R-R. according to the Franck-Condon principle. The larger the

AW(R.) and AR.., the smaller the &D. (or 0- yield). These AW(R.)

and AR.. parameters are listed in Table VII.

There are two types of states in Table VIi those which

autoionize by detaching the 1we electron and those by detaching

the 3v. electron. The states in the former group have much

smaller AW(R.) and AR.. than those in the latter group. The Om-

(3 )t
- 
state, one of the latter group, dominates the

vibrational excitation spectra.
5 4  

This state, however, does not

appear in the 0- yield curve,' indicating that the survival rate

of this state is negligibly small. Other states in the latter

group also should have negligible survival rates, since they have

larger AW(r.) and AR.. than the O2 -(30.)rE.
- 
state. In short,

all states which autoionize by detaching the 3c. electron cannot

appear in the 0- yield curve. On the other hand, the O.-(Iw.-

'lw,=)=rL state, one of the former group, has been observed in

the 0- yield curvej indicating that the survival rate of this

state is substantial. Since other states in the former group

have smaller AW(R.) and AR.. than this state, they should have

JA



even larger survival rates. In other words, all states which

autoionize by detaching the 1:. electron, except for the Om-

(Ie)Orl. state, can produce O- ions if they are formed. The Os-

(lw,)ufl state cannot produce 0- ions, because its vertical

energy (0.21 *V) is much lower than the lowest 0+0- dissociation

limit (3.65 EV). In conclusion, the survival rate analyses

indicate that only three 0- states, *R.(1 s'lw,
3
) r6g(3a.

-

11w.S), and ItC(2a.-lir), can produce ample 0- ions.

Figure 6 schematically shows ao)(E), and SF(E

(survival factor) as a function of the incident electron energy

E. &. (E) has a peak at E-W-(R-) because of the Franck-Condon

principle. SF(E) is unity below E-W-(R.), since r=O in this

region, and decreases monotonicly with increasing E, since the

integrand of the survival factor is always positive and the lower

integration limit (Rw) decreases with increasing E [see Eq.

(18)]. Since aom(E)=er(E)SF(E), the peak position of com(E)

should be shifted to lower energy relative to that of a.,(E).

This means that a peak position observed in the 0- yield (a cn^

peak) should be lower than the corresponding vertical energy

the a- peak). Indeed, the 0- yield peak observed at 6.7 eV,

which is due to the O=-(iw- wvle s)
5

nu resonance, is lower than

the vertical energy 7.8 eV by 1.1 eV.a
=  

For the 02-(o-c

'Is.')
2
Eq and O=(2'lsI

3
).' resonances, we expect smaller

shifts C < 0.3 *V) than for the Oz-cl..t-lwg)fn . resonance,

because the former two states have smaller AW(R.) and AR-.

parameters than the latter state.
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3. Franck-Condon widths

The width of the repulsive as- compound state is

predominantly governed'by the Franck-Condon overlap integral

between the v-0 vibrational wavefunction 04 the Os ground states

fe(R), and the vibrational wavefunction of the repulsive O"

compound state. In the reflection approximation,*&
m
-O the

repulsive wavefunction can be replaced by a J function which

differs from zero only at the classical turning point. The

results obtained with this replacement, deviate only slightly

from those obtained with accurate wavefunctions.sO With this

approximation, the Franck-Condon width (FCW) of the repulsive Os-

compound states can be given,

FCW - AR(u=O)xldW-(R)/dR.-.,, (21)

where AR(v=O) is the FWHM of #o(R)2, because W-(M) of a repulsive

state is nearly linear over the Franck-Condon re;ion.

The FCWs in Table VII are estimated from theoretical

calculations in the literature, except for the F=W of the

2n a (jl- ) state. The FCW of this state is calculated from

the e:,perimental slope determined by O'Malley.Sm The slopes

(i.e., dW-(R)/dR at R=R,) for the =on(l:,), a.-(o.), end 2Z.-

(30.) states are calculated from the MCSCF resultsOO by quad-atic

curve fittings. The data in parentheses are estimated by

assuming empirical relations such as

Slope(3ZO-Sl.) - Slope(Iw.-.lw,
2
)

M Slope(3cr-,lw.) - Slope(l._-lws, . (22)
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The error ranges for the FCWIs (2.4 and 2.2 eV) of the are'(3c-

ites ) and *L.(2s.-'lt.) states may be around *0.4 eV.

There are two experiments which reflect the FCWs. First,

the vibrational excitation cross section for w-1-4 show a single

peak with FWHM of 5.0 &V, which has been attributed to the Oa-

( resonance.4 The FWHM (5.0 eV) of the vibrational

cross section should be larger than that (4.3 eV) of the electron

attachment, supporting our estimate of 4.3 eV. Second, the 0-

yield due to the O.-(ls.--1s5 )n. resonance has a FWHM of 2.0

eV.s The difference between the FWHM (2.0 eV) of the 0- yield

and the FCW (3.0 eV) of this compound state Is caused by a

si2able autodetachment rate (see Fig. 6).R0 Since autodetachment

from the O3a,-l.)=C 5  and 0-(2-11o0)2E. compound

states should be much smaller than that from the 0=-(Iw.-

' xvO)=O state, the FWHMs of these two compound states in the 0-

yield curve should be close to their FCWs.

4. Dissociation limit

,The dissociation limits of the lower-lying Oz- valence

states can be determined by the non-crossing rule. The molecular

states resulting from the two lowest dissociation limits of 0+0-,

known from Wigner-Witmer rulesq
= 

are listed in Table VIII.

According to the non-crossing rule, these molecular states must

be connected to the 02- valence states with the same symmetry

without crossing each other. This implies, for example, that the

lowest aE_1 valence state must be connected to the lowest limit

and the second lowest RE-- valence state to the second lowest
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limit. Another example, both the lowest two oe valence states

must be connected to the lowest limit and the lowest 00. valence

state to the second lowest limit. Dissociation limits determined

as above are listed in Table VII, where "I" and "2" denote the

lowest and the second lowest dissociation limits respectively.

Figure 7 shows schematically the potential curves for some

Of the 0z- valence states. The"e curves are drawn based on the

data in Table VII (such as the vertical energy, FCW, and

dissociation limit) and two theoretical calculations,0e *s which

were carried out only for large internuclear distances (R > 1.&

A). The apparent avoided curve crossing between the two 2E.*

curves is predicted by both calculations. This curve crossing

suggests that the =Ew (I) state formed at the Franck-Condon

region may end up with the second lowest 0+0- limit.

IV. IDENTIFICATION OF THE 0- COMPOUND STATES

Comparing Tables I and VII, we identify the 7-, 8.5, and 13-

OV 0- compound states to arise from the nl.-1ls3 =),

.£w (3 O- 11 , and 2E. (2..-Isg2 ) states, respectively.

Almost every aspect (vertical energy, electron attachment

probability in the gas phase, survival rate against

autodetachment, Franck-Condon broadening, and dissociation limit)

supports and confirms these identifications. Moreover, we can

e:clude alternative identifications: We can exclude the 02-

(Ix.)2n. state, because its vertical energy is much lower than

the lowest 0 0- limit. The 0.- states arising from the 3o., It--

Il1u3am, and 3vg-ls6 3a configurations have survival rates which
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are too small to yield 0- ions and PCt~s which are too large #or

the observed line widths. Furthermore, states from the last two

EC% have vertical energies which are too high to be any of the

three features. Monte, we conclude that the 8.5- and 13-9V

feature% are due to the O.3 6 l,) 4  andO(2-1~.

compound states. This identification implies that the absence of

the*& features In the gas phase Is due to the a- selection rule.

V. PREVIOUS INTERPRETAT IONS

The 8.5- *end 13-*V features have been interpreted

previously. Xiang and Lichtman,* who reported the 0- yield curve

from Ow/W (Fig. 1), atti-lbuted the 13 eV peak to the

1tve2)fl.. state, or the "7-aY" state, which was regarded as

shifted because of a substrate effect. They overlooked a weak

8.5-eV feature in their spectrum. Sanche and co-workers."-4 who

reported the three 0- yield curves from 02 /Pt (Fig. 1) and the

OH--C.H../O2 /Pt spectrum In Fig. 2, assigned the 0.-(74.-

'lv')~*state (that is, the 'S5.'state) to the iZ-eV

feature. Further, the absence of the I=-eV feature in the gas-

phase spectrum was attributed to the angular dependence rule

given by Dunn,04 rather than to the a- selection rule.' Mgrk et

a j.lv who reported the O -O- and 0 - yields from (02)^. clusters

(Fig. 2), attributed both the 7-eV and e.5-eV -features to the Oz-

~ state. Our analyses in this work do not support

any of the above interpretations.
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TABLE 1. Summary of experimental findings on the 7-, 8.5-t and-
13-mV 02- compound states.

Name Vertical 0- yield Survival FWHM Dissociation
energy from rateO (eV)- limit
(&V)- as gas

"7-*V" 6.7 large large 2.0±0.1 "
"

*8.S-eV" 8 - 9 negligible large 2.7±0.3 "I"

"13-OV" 13 negligible large 2.4±0.3 "2"

-From the O ground state to peak positions in the 0- yield

curves.

OSurvival rate against autodetachment.

-Widths observed in the ion yield curves.

a"I" and "2" denote the lowest and the second lowest O+0-
dissociation limits.



TABLE II. Observed and estimated vertical energies (@V) o the
lower-lying O states. Estimated energies are enclosed In
parentheses.

Electronic Configuration State Vertical Reference
configuration center (&V) symmetry energy (eV)

Ground state 0.60 SE -  0.00 10
'AO 0.98 10
'Eoa 1.63 10

I*-t's 7.5 ar.- 5.8 10, 11
=&_ 6.0 10, 11
zr 6.1 10, 11
or__ 8.5 11
&A- (10.8) 12
ar.. (12.6) 12

8.1 an, 7.7 13
an (9.2) 12

10.6 =n 10.2 14
an- (11.9) 12

14.3 fn. 14.2 15
in- (14.6) 12

2a.-4t . 28.9 ± 1.0 an, 28.5 ± 1.0 16
fn, (30.0 --

-Estimated from the splitting energies of the 3g-.1w states.

j _ _ _ _ _ _ _ _ _



TOBLE III. Observed and estimated vertical energies (*V) o
the lower-lying o' states. Estimated energies are enclosed In
parentheses.

Electronic Configuration State Vertical Reference
configuration center (eV) symmetry energy (vV)

1W.
-
I 12.31 -n, 12.31 17

19.2 'on. 16.70 17
en-(I 17.73 17
so- 19.1 is
-ln.(Il) (20.8) 19
rl
5

((IZ) 24.0 17

19.6 Eg -  18.17 17

nag 19.90 1
are_ 20.43 17
ME. (20.8) 18

2a-
-
' 25.9 "r- 24.58 17

*a- (26.0) 16
ME-- (26.8) 18
Wr_- 27.3 20

2 -* 40.0 38.8 21-
na (40.3) --
a- 40.8 21"
=S. (41.1)" --

-The energy scale is shifted by 0.8 eV to make the first-peak

energy position agree with the accurate energy 12.3 eV.

bEstimated from the splitting energies oF the 3a.
-
6 states.
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TABLE IV. Observed and estimated vertical energies t*V) of the'
lower-lying O- states. Estimated energies are enclosed in
parentheses.

Electronic Configuration State Vertical Reference
configuration center (eV) symmetry energy (cV)

1. 0.21 UN. 0.21 22

IV--tIv
s  

7.8 ± 0.2 on. 7.8 ± 0.2 23-

3.. 10.6 ± 0.3 fl.- 9.5 ± 0.3 24
-ab (10.7)b ---
*Z.* (11.5)" --

L.-- (11.9) 25"

-The uncertainty indicates the sensitivity of the fitting and

thus does not reflect absolute errors.

'Estimated from the splitting energies of the 2a.-s states.

-Estimated using the 4--& energy difference calculated by
MCSCF with 65 configurations.



TABLE V. Energy splittings (VI Of the 0.(ls
- 1 states.

The scaled energies are obtained from the unscaled energies
by multiplying with a constant factor. This factor is
chosen so that the scaled energies reproduce experimental
energy splittings as well as possible.

state Experiment Theory

Scaled Unscaled

ol. 0.0 0.0 0.0

fl,.(I) 1.0 1.1 0.9

2.4 2.4 2.0

fl..(II) --- 4.1 3.4

-n. (I 11) 7.3 7.3 6.1



TABLE VI. Comparioon 04 averaged vertical oxcitaiom Oergius
(OV).

Excitatian on. On0.

1It. -It. 4.9 6.9 7.6 t .

I* -v --- 10.0 10.4 t± .

/IO1a-SC 3.I.2aI W 361. --



TABLE VII. Properties of the lower-lying Os- valence states.

Electronic Symmetry Vertical Electron AW(R.) AR.. Width Dissoci-
configura- energy attach- (OV) (A) (OV) ation
tion (&V) mont limit

life  on, 0.21 A(1) 0.31 0.04 1.2 1

lt-.-IIt.* nrl,. 7.8 t 0.2 A(2) 1.8 0.18 3.0 1

3o-lwM Mr-V 8.1 t 0.9 F (0.4) (0.04) (2.4) 1

2a_.- I. WE-. 14.3 ± 0.9 F (0.1) (0.01) (2.2) 2

E__ 9.5 j 0.3 A(l) 9.6 0.39 4.3 1
*a 10.7 ± 0.5 A(2) 9.8 0.39 (4.4) 1
ME-- 11.5 ± 0.5 F 10.0 0.40 (4.4) 1
ME - 11.9 ± 0.4 A(1) 12.0 0.59 4.5 1

A(2) I
A' 17.5 ± 1.0 A(2) (10.0) (0.4) (6.3) 1
=EI(2) F 2

- A(2) 1
MAe(2) A(2) I & 2

5a-.2 t,3oA . fl..n 18.1 ; 1.0 A(2) (10.0) (0.4) (5.7) 1
:l (2)J A(2) I & 2



TABLE VIII. Dissociation limits of the Os- valence states which have
the lower energies in the Franck-Condon region.

Dissociation Molecular states O- valence state
limit belonging to the

dissociation Symmetry Electronic Vertical
limit configuration energy (&V)

0-(P.,) + O(=P,) L= , E, 1 fl 0,(I) 1T. 0.2

-r. - (2) , m-,v- (2) -n.(I) 1li.--, l1. m  
7.8

C-(2), E.,-(2)

2 I, (2), -n, (2), C 3,°(I) 3U., 1 .S0  9.1
n.(2), -n,,(2) ,

2=i :A. , w$ I) = 9.5

A, I l( ) 3a 10.7

2E." (1) 3a- 11.5

ms" -(i) 3cr- 11.9

O-(1P.) + O(kD,) (2E,..i2), 21.-(2)I WE,(II) 2a.,-i
1
.0g 14.3

I wool Z.S(1Z) 2 11 3a. 17
j2R. (3 ), -n,, ( Z),

L2A.(2) ,-A, (2)



Figure captions

FIB. 1. Previously reported electron stimulated 0-

desorption yields from O/W (Raf. 4), O/Pt (Refs. 5 and 6), and

On gas (Ri. 3) are platted as a function of the Incident

electron energy. V" denotes the retarding potential applied to

the outgoing 0- ions. The shaded area shows our estimated

contribution due to the direct process. The vertical dot-dash

lines indicate the probable peak positions of the involved 02-

compound states.

FIG. 2. Previously reported electron stimulated negative

ion (0-, 0O-0-, 0-, or OH-) desorption yields from Oa gas (Ref.

3), (0.). clusters (Ref. 7), or C.H,4 /O./Pt (Ref. 6). The

negative ion yields are plotted as a function of the incident

electron energy. The vertical dot-dash lines indicate the

probable peak positions of the involved 0.- compound states.

FIG. 3. Kinetic energy distributions of the 0- ions from

0(3ML)/Pt (Ref. 5), which are measured at various incident

electron energies, Ea=5.7, 7.7, 12, and 13 eV. The ion energy is

referred to the maximum in the distribution with E,-5.7 eV.

Symbols (closed and open circles and open triangles) indicate

three different contributions. The hori=ontal bar indicates the

possible range of peak position for each contribution.

FIG. 4. The peak positions of the three contributions shown

in Fig. 3 are plotted as a function of the incident electron



energy, Es. The broken straight limes indicate E... given by Eq.

(4). The Ed values denote the possible 0+0- dissociation limits.

FIG. 5. Schematic potential-energy curves illustrating a

dissociative attachment process accompanied with autodetachment.

E is the energy of the incident electron. Ru is the turning

point of potential curve W-MR) at the energy E. and R. is the

crossing point of the two potential curves, W-(R) and W(R).

FIG. 6. Schematfc diagram illustrating the two effettst

the shift of the v.4 (E) peak position relative to the a..(E) peak

and the smaller ao^(E) width in comparison with the @a.(E) width.

FIG. 7. Semi-quantitative potential energy curves, which

are based on the data in Table VII and the theoretical

calculations of Refs. 32 and 33.
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